As a result of their high tuneability and low volatility, room temperature ionic liquids have been proposed as replacement solvents in a wide range of industrial applications. They are particularly well-suited for use as an entrainer (or solvent) in extractive distillation processes to separate close boiling and azeotropic mixtures. The limiting selectivity is a common, fundamental parameter used to screen and rank entrainer candidates. In the present study, we present a detailed thermodynamic analysis to understand the basis for its use along with the necessary, underlying assumptions. We find that, while for many cases the limiting selectivity can correctly rank ionic liquid entrainer candidates for homogeneous extractive distillation processes, it is not always able to capture the correct phase behavior. We, instead, recommend the use of composition dependent activity coefficients.
Introduction
The separation of azeotropic and close boiling mixtures via distillation is not without great challenges. If we consider the Fenske equation for a distillation column at total reflux, for a binary mixture, the minimum number of equilibrium stages required is inversely proportional to the log average relative volatility [1] . We find that the smaller the value of the relative volatility, the greater the number of required stages, and in the limit that the relative volatility goes to unity, the number of stages goes to infinity. When an azeotrope is present in the system, it puts a limit on the achievable separation. In extractive distillation, a third component, called an entrainer (or solvent), is added to the system to increase the relative volatility of the most volatile component (MVC). This is accomplished by selecting an entrainer that interacts favorably with the least volatile component (LVC) [1] .
When an entrainer (component 3) is added to a binary mixture (component 1 is the MVC and component 2 is the LVC), the relative volatility takes the form α = γ 1 P sat 1 / γ 2 P sat 2 , where we have assumed the vapor phase is an ideal gas and the Poynting correction is negligible. The term P sat 1 /P sat 2 is the ratio of pure component vapor pressures, which is only a function of temperature. The effect of the entrainer is therefore to alter the activity coefficients, γ 1 and γ 2 , leading to the definition of the selectivity S = γ 1 /γ 2 . While γ 1 and γ 2 are composition dependent quantities, S generally increases with increasing entrainer composition, reaching a maximum in the pure entrainer limit [2] [3] [4] . For early stage process design and conceptualization, it is common to, therefore, consider the limiting selectivity:
which is the ratio of the limiting activity coefficients of component 1 and 2 in the entrainer. Methods are available for the prediction γ ∞ 1,3 and γ ∞ 2,3 , further motivating the use of S ∞ to screen and rank entrainer candidates [4] [5] [6] [7] . The use of S ∞ is additionally motivated physically as it compares directly the intermolecular interactions of the MVC (component 1) and the LVC (component 2) with the entrainer (component 3). In addition to high selectivity, it is desirable to select an entrainer with very low volatility to facilitate separation from the distillation products.
Room temperature ionic liquids (ILs) have received tremendous attention for use as replacement solvents in a wide range of industrial processes [8, 9] , and are particularly well-suited to use an entrainers in extractive distillation processes [5, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The cation and anion may be changed and modified to tune their chemical and physical properties, and can thus be used to tune S. Additionally, due to their ionic nature, ILs have negligible vapor pressures facilitating recovery.
Previous studies have demonstrated that the solvation of molecular solutes in pure ILs can exhibit unique phase behavior [24] [25] [26] . In the study of solubility of pharmaceuticals, solubility extremum (and hence, extremum in activity coefficients) have been observed in binary solvents [27] . If we take the IL (entrainer) and MVC (or LVC) to be a binary mixture, we suspect similar behavior may exist, causing the activity coefficient of the LVC (or MVC) to go through an extremum at an intermediate IL composition. The implication of this would be the appropriateness of S ∞ to screen and rank ILs as entrainer candidates.
As a result, in the present study, we investigate the ability to use S ∞ (or limiting activity coefficients) to screen ILs as entrainer candidates for homogeneous extractive distillation processes. We analyze four recently studied systems which all exhibit a minimum boiling azeotrope: ethanol(1)/water(2), tetrahydrofuran(1)/ethanol(2), methyl acetate(1)/methanol(2) and ethyl acetate(1)/ethanol(2) [11] [12] [13] [14] [15] [16] [17] . For all of the systems studied, we use binary interaction parameters for the NRTL (non-random, two-liquid) equation provided in the original publications, allowing us to calculate both composition dependent and limiting activity coefficients for the MVC and LVC in the ternary mixture formed by the addition of IL [28] .
Our analysis follows the work of Brandani [29] who, for binary systems, demonstrated that limiting activity coefficients could be used with the Intermediate Value Theorem [30] to identify mono-azeotropic systems. Here, we extend the method to ternary systems, and obtain S ∞ as a limiting condition. We find that while for many cases S ∞ can be used to properly rank ILs, its use is not always appropriate. One should instead consider use of composition dependent activity coefficients.
We emphasize that in the present study, we provide a thermodynamic assessment of the suitability of S ∞ to screen ionic liquid entrainers for homogeneous extractive distillation processes. In the screening of IL candidates, it is important that additional properties be considered, such as miscibility, stability and viscosity [20] [21] [22] [23] 31] . While Momoh [32] and co-workers did not consider the use of ILs, they did find that S ∞ did not correlate well with the annual operating cost of the process. This may be in part due to the limitation of using S ∞ as will be explored here, but also is due to the importance of the inclusion of additional properties.
Theory

Binary System
For a binary system at vapor/liquid equilibrium, assuming the vapor phase is an ideal gas and the Poynting correction is negligible, the iso-fugacity condition can be written as [28] :
where x 1 and x 2 are the liquid phase mole fracs of component 1 and 2, respectively, y 1 and y 2 are the vapor phase mole fracs of component 1 and 2, respectively, P is the pressure, P sat 1 and P sat 2 are the pure component vapor pressures at the equilibrium temperature T, and γ 1 and γ 2 are the Lewis/Randall or Raoult's law normalized activity coefficients of component 1 and 2, respectively. We will adopt the standard assumption that γ 1 and γ 2 are independent of pressure. Throughout our analysis, component 1 will correspond to the MVC, and component 2 will correspond to the LVC. We identify the MVC and LVC using the pure component vapor pressures (P sat 1 > P sat 2 ). From Equation (2) we define the K-value of component i as:
where i = {1 or 2}, and the relative volatility as:
where by convention α is defined as the ratio of K-values of the MVC relative to the LVC. In the design of vapor/liquid separation processes (i.e., distillation), the greater the deviation of α from unity the easier the separation [1, 33] . When α > 1 the MVC is concentrated in the vapor phase, when α < 1 the LVC is concentrated in the vapor phase, and when α = 1 no separation is possible.
In the present study, we will consider only isothermal vapor/liquid equilibrium (Pxy) involving binary systems that exhibit a single azeotrope. At an azeotrope, x 1 = y 1 and x 2 = y 2 leading to the relationship:
where the superscript "azeo" is used to indicate properties at the azeotrope. Of central importance to the isothermal case is that P sat 1 and P sat 2 are constant, and having assumed γ 1 and γ 2 are independent of pressure, γ 1 and γ 2 are therefore only functions of composition. Working with Lewis/Randall normalized activity coefficients, we recall the limiting conditions. First, in the infinite dilution limit, the deviations from ideality will be greatest. For a system that exhibits a minimum boiling azeotrope (positive deviations from Raoult's law, γ i > 1), this will correspond to values of γ ∞ i,j that are greater than 1 and a maximum, where the subscript notation "i, j" is used to indicate i is infinitely dilute in j. Knowing this, we consider the limiting conditions of Equation (5).
In the limit that x 1 → 0 and x 2 → 1, γ 1 → γ ∞ 1,2 and γ 2 → 1. In the context of Equation (5),
For a system that exhibits a minimum boiling azeotrope, γ ∞ 1,2 will be larger than the corresponding value at the azeotrope composition, and γ 2 = 1 will be less than the corresponding value at the azeotropic composition. As a result, for a system with a minimum boiling azeotrope:
Considering next the limit that x 1 → 1 and
For a system that exhibits a minimum boiling azeotrope, γ 1 = 1 will be less than the corresponding value at the azeotrope composition, and γ ∞ 2,1 will be larger than the corresponding value at the azeotrope composition. As a result, for a system with a minimum boiling azeotrope:
Putting it together, for a system with a minimum boiling azeotrope:
This tells us that, at low concentrations of the MVC, α > 1 and the MVC will be concentrated in the vapor phase. Then, past the azeotropic composition, α < 1 and the LVC will be concentrated in the vapor phase. Further, since T is constant and α is a continuous function with respect to x 1 , the Intermediate Value Theorem states that there exist a value of x 1 such that α = 1, confirming the existence of an azeotrope [30] .
Using the same analysis, we can obtain an equivalent expression for the case of a maximum boiling azeotrope. The difference is for a system that exhibits a maximum boiling azeotrope (negative deviations from Raoult's law, γ i < 1), the limiting conditions will correspond to values of γ ∞ i,j that are less than 1 and a minimum. This results in the following expression for a system with a maximum boiling azeotrope:
We find that for the case of a maximum boiling azeotrope, at low concentrations of the MVC, α < 1 and the LVC will be concentrated in the vapor phase. Then, past the azeotropic composition, α > 1 and the MVC will be concentrated in the vapor phase.
Equations (8) and (9) can equivalently be re-cast as:
and
These expressions were first proposed for binary mono-azeotropic systems by Brandani [29] 44 years ago. Subsequently, Shulgin et al. [34] used only the inequality for the LVC (γ ∞ 2,1 ) for minimum boiling azeotropes and the inequality of the MVC (γ ∞ 1,2 ) for maximum boiling azeotropes along with pure component vapor pressures to classify all types of azeotropic and zeotropic behavior of subcritical homogeneous binary mixtures. Missen [35] has recently provided an alternative derivation where he too uses only the inequality for the LVC for minimum boiling azeotropes and the inequality of the MVC for maximum boiling azeotropes to identify the presence of azeotropes in binary systems. With a parameterized excess Gibbs free energy model, Missen [36] later showed how the coordinates of the azeotrope could be located. In the absence of an azeotrope, α > 1 for all x 1 . Therefore, the requirement that α (T, x 1 → 1) < 1 would be sufficient to predict the presence of a minimum boiling azeotrope, consistent with use of only γ ∞ 2,1 by Missen [35] . Likewise, the requirement of α (T, x 1 → 0) < 1 would be sufficient to predict the presence of a maximum boiling azeotrope, consistent with use of only γ ∞ 1,2 by Missen [35] . We will maintain both criteria as both will be important as we discuss breaking azeotropes.
Adding IL as Entrainer
While Equation (8) was derived for the case of a binary system exhibiting a single azeotrope, for the case of selecting an IL as an entrainer, an equivalent expression is applicable. ILs are unique in that they are virtually non-volatile, and therefore, we can assume that they are not present in the vapor-phase [37] [38] [39] [40] . The presence of IL adds an additional degree of freedom to our system, the liquid phase mole frac of IL (x 3 ), but it does not add an additional phase-equilibria expressions. In the presence of the IL, our iso-fugacity expression becomes:
where x 3 is the mole frac of IL added as an entrainer, and x 0 1 and x 0 2 correspond to IL free mole fracs of components 1 and 2, respectively, where
, and x 0 1 + x 0 2 = 1. The relative volatility takes the form:
and if the azeotrope persists in the presence of the IL at fixed mole frac x 3 , then at the azeotrope:
Following our discussion of binary systems, for an isothermal system with constant x 3 , the relationship:
confirms the presence of a minimum boiling azeotrope over the range 0 > x 0 1 > 1 per the Intermediate Value Theorem. Likewise, for the case of a maximum boiling azeotrope we have:
This leads to a set of simple design criteria. For a binary system that exhibits an azeotrope, the IL and IL concentration will be chosen such that Equation (15) or (16) is no longer true. This happens when the value of α in the limit that x 0 1 → 0 and x 0 1 → 1 are both greater than 1 or are both less than 1. Specifically, the mole frac of IL (x 3 ) is sufficient to break the azeotrope when either of the following expressions is true:
In general we suspect the first criteria to be the one of interest. We additionally emphasize this is only applicable to systems that exhibit a single azeotrope. We will see cases where the addition of IL creates a poly-azeotropic system. Our motivation here is to evaluate the use of simplified expressions to quickly evaluate the suitability of an IL as an entrainer.
Using Limiting Selectivity
Following our discussion (Equations (8) and (17)), for a binary system that exhibits a minimum boiling azeotrope, the addition of IL will break the azeotrope if
In this expression, α is only a function of x 3 . Since α is a continuous function of x 3 , per the Intermediate Value Theorem, if
then there exist a value of x 3 between 0 and 1 for which Equation (19) is true. Put differently, if 
where γ ∞ 1,3 and γ ∞ 2,3 correspond to the limiting (or infinite dilution) activity coefficient of component 1 and 2 in pure IL (component 3), respectively, and S ∞ is the limiting selectivity.
Equation (21) is interesting because the ratio of γ ∞ 1,3 /γ ∞ 2,3 corresponds to the limiting selectivity which has long been used to screen entrainer candidates [2] [3] [4] [5] . It's basis stems from Equation (13) . For an isothermal system, P sat 1 /P sat 2 is constant. Therefore, for a fixed composition of component 1 and 2, the only way to increase α is through the addition of an entrainer (component 3). The selectivity (S) is defined as the ratio of γ 1 /γ 2 for a fixed composition of component 1 and 2, and it has been found that in general S increases with increasing entrainer composition, becoming a maximum in the pure entrainer limit (corresponding to S ∞ ) [2] [3] [4] . Entrainer candidates are typically ranked using S ∞ .
We point out that the resulting expressions for α T, x 0 1 → 1, x 3 → 1 and α T, x 0 1 → 0, x 3 → 1 are equivalent, so that Equation (21) is additionally applicable when breaking a maximum boiling azeotrope where the result is to concentrate the MVC in the vapor phase (α > 1). Likewise, if we desired to concentrate the LVC in the vapor phase (α < 1), for both cases we would change > 1 to < 1.
We remind the reader that the derivations of the present study all originated with the assumption that the system exhibits a single azeotrope. An IL may therefore be capable of breaking an azeotrope even if it does not satisfy the expressions derived here. This scenario is possible, as for example observed in solubility extremum of non-electrolyte solids in binary solvents [27] . The goal of the present study is to evaluate the utility of these simplified expressions for screening IL candidates.
Application
We will analyze four recently studied systems which all exhibit a minimum boiling azeotrope: ethanol(1)/water(2), tetrahydrofuran(1)/ethanol(2), methyl acetate(1)/methanol(2) and ethyl acetate(1)/ethanol(2) [11] [12] [13] [14] [15] [16] [17] . For all of the systems studied, we use binary interaction parameters for the NRTL (non-random, two-liquid) equation provided in the original publications [28] . All of the binary interaction parameters for the binary systems were fit directly to binary vapor/liquid equilibrium data, and the parameters involving the ionic liquids were fit to ternary vapor/liquid equilibrium data [11] [12] [13] [14] [15] [16] [17] . All of the vapor pressures at the temperatures of interest were taken from ref. [41] .
Ethanol(1)/Water(2)
We consider first the binary system of ethanol(1)/water(2) recently studied by Ge et al. [11] . In that work they considered use of either the 1-ethyl-3-methylimidazolium ([C First, at 351 K we calculated the minimum mole frac of IL (x 3 ) needed to break the azeotrope. This was accomplished by calculating the minimum x 3 necessary so that α > 1 or α < 1 for all values of x 0 1 over the range 0 to 1. We take theses values to be the correct, reference values. We compared the reference values to use of the proposed Equation (17) where we solved for the first value of x 3 where
The computed values are tabulated in Table 1 , and are all in excellent agreement. Next, we consider plots of ln α T, x 0 1 → 1, x 3 and ln α T, x 0 1 → 0, x 3 versus x 3 in Figure 1 . Ethanol(1)/water(2) exhibits a minimum boiling azeotrope, so in the absence of IL ( On the other hand, this is not the case with the [Cl] − anion. In fact, at x 3 = 0.5458, we have the formation of a maximum boiling azeotrope. The azeotrope is then quickly broken (x 3 = 0.6052), after which the LVC is concentrated in the vapor phase. The implication of this is that it sets bounds on the operating range of x 3 . Consider, next, the values in the limit of x 3 → 1, where the curves intersect the right-axis. As already shown, the limiting values are identical. Using these values, we would predict that the anions [CH 3 4 ] − > [DCA] − , which is consistent with the ranking based on the minimum x 3 needed. We would additionally predict that [Cl] − would break the azeotrope, and it would be ranked last. However, the limiting value predicts that α < 1 and the LVC will be concentrated in the vapor phase. This is in fact only true for large values of x 3 .
Therefore, for this case, we find that the value in the limit of x 3 → 1, which would correspond to the use of S ∞ , does not capture the complete phase behavior of the system. Last, in Figure 2 we plot ln α T, 
Tetrahydrofuran(1)/Ethanol(2)
We consider, next, the binary system of tetrahydrofuran(1)/ethanol(2) recently studied by Cao et al. [12] . In that work they considered use of [C 4 4 ] − anion. The study of Cao et al. [12] was conducted at 101.3 kPa. The calculations here were performed at approximately the temperature of the azeotrope, 339 K.
In Table 2 , we compare the calculated minimum mole frac of IL (x 3 ) needed to break the azeotrope using reference calculations to that using Equation (17) . We again find the values are in excellent agreement. In Figure 3 we plot ln α T, x 0 1 → 1, x 3 and ln α T, x 0 1 → 0, x 3 versus x 3 . In all cases we find that the IL is able to break the azeotrope with a small value of x 3 , and the azeotrope remains broken up to the limit that x 3 → 1. If we were to consider only the values in the limit that x 3 → 1, we would predict that the ILs are all capable of breaking the azeotrope with α > 4 ], in agreement with ranking based on the minimum mole frac of IL (x 3 ) needed to break the azeotrope. 
Methyl Acetate(1)/Methanol(2)
We consider, next, the binary system of methyl acetate(1)/methanol(2) recently studied in refs. [13] [14] [15] [16] . Refs. [13, 15, 16] were conducted at 101.3 kPa, while ref. [14] was conducted at 327.31 K. The approximate temperature of the azeotrope at 101.3 kPa is 327.31 K, so here we performed all calculations at 327. In Table 3 we compare the calculated minimum mole frac of IL (x 3 ) needed to break the azeotrope using reference calculations to that using Equation (17) . We again find the values are in excellent agreement, and for the case of [C 8 mim][PF 6 ] we correctly predict that we break the azeotrope with α < 1.
In Figure 4 , we plot ln α T, x 0 1 → 1, x 3 and ln α T, x 0 1 → 0, 1 → 0, x 3 increases rapidly in the limit that x 3 → 1. If we were to use only the limiting values (x 3 → 1) to rank and screen the ILs, the ranking would differ than using the minimum mole frac of IL needed to break the azeotrope. In fact we find that while [C 4 C 1 pyr][DCA] has the smallest value in the limit that x 3 → 1, it requires the least amount of IL to break the azeotrope. Table 3 . The minimum mole frac of IL needed to break the azeotrope (x min 3 ) for the binary system methyl acetate(1)/methanol(2) at 327.31 K using the indicated IL. The reference (ref) values were computed as the minimum x 3 necessary so that α > 1 or α < 1 for all values of x 0 1 over the range 0 to 1. This is compared to calculations using Equation (17) where we solve for the first value of x 3 where
x min 3 IL Anion Equation (17) Ref.
[ In Figure 5 , we plot ln α T, x 0 1 → 1, x 3 and ln α T, x 0 1 → 0, 6 ] breaking the azeotrope with α < 1.
Lastly, in Figure 6 , we plot ln α T, 6 ]. This is contrary to the results shown in ethanol(1)/water(2) wherein the behavior was different for large and small values of x 0 1 . While for ethanol(1)/water(2) both compounds are able to donate and accept hydrogen bonds, here methyl acetate is an acceptor only. 
Ethyl Acetate(1)/Ethanol(2)
The last binary system we will consider is ethyl acetate(1)/ethanol(2) which was recently studied by Andreatta et al. [17] . In that work they considered [ In Table 4 we compare the calculated minimum mole frac of IL (x 3 ) needed to break the azeotrope using reference calculations to that using Equation (17) . We find that the predictions are in good agreement, except for the case of To understand the cause of the disagreement, in Figure 7 we plot ln α T, 1 → 1, x 3 crosses the ln α = 0 reference line twice. Considering only these limiting conditions, this would suggest that we break the azeotrope for very small x 3 with α > 0, then form a maximum boiling azeotrope at higher concentrations, and then again break the azeotrope with α < 0 . In Figure 9 , we plot ln α T, x 0 1 → 1, x 3 and ln α T, x 0 1 → 0, (2) . At approximately x 3 = 0.96, we form a maximum boiling azeotrope, which is then broken at approximately x 3 = 0.98 after which α < 1. Again, we find that the values in the limit that x 3 → 1 does not capture the complete phase behavior of the system. 
Summary and Conclusions
Room temperature ionic liquids are ideal candidates for use as entrainers (or solvents) in extractive distillation processes. Their tuneability allows one to design ionic liquids selective in their interaction for one component over the other. Cases have been shown wherein only a minute amount of ionic liquid is needed to break an azeotrope, outperforming conventional entrainers. Additionally, their negligibly vapor pressure (volatility) facilitates recovery and minimizes loses. Here, we proposed an extension of the method of Brandani [29] to ternary systems to identify the ability of an ionic liquid entrainer to break an azeotrope. We demonstrated that we obtain the limiting selectivity (S ∞ ) as a limiting condition. The limiting selectivity is commonly used to screen and rank entrainer candidates, and is calculated as the ratio of the limiting activity coefficient of the most volatile component relative to the least volatile component in the pure ionic liquid. We find that, while for many cases the limiting selectivity can be used to rank ionic liquid candidates, its use is not always appropriate.
We, instead, recommend the use of composition dependent activity coefficients. This does not necessarily complicate the analysis of the use of an ionic liquid as an entrainer. Consider the NRTL equation used here. If we were to fix the value of the non-randomness parameter (α), then limiting activity coefficients of the constituent binary pairs can be used to obtain the necessary model parameters. 
